FREQUENCY -CONVERTED LASER APPARATUS WITH FREQUENCY CONVERSION 

CRYSTALS 



FIELD OF THE INVENTION 

The present invention relates generally to frequency converted 
lasers using frequency conversion crystals. More specifically, 
the present invention relates to a solid-state, frequency- 
converted laser in the ultraviolet spectral region . 

BACKGROUND OF THE INVENTION 

The technology of diode -pumped solid-state (DPSS) lasers has de- 
veloped into a dominant driving force for laser technology world- 
wide in the past few years. Owing to the availability of high- 
power laser diodes, DPSS laser technology has the potential to 
replace a wide range of lasers commonly used in industrial and 
scientific applications as well as to create complete new fields 
for laser applications. 

A growing commercial demand for ultraviolet lasers in recent 
years has resulted from the important physical fact that a 
shorter wavelength leads to a reduction of focal spot and image 
size. Therefore, lithographic structures can, for example, be re- 
duced and information storage densities can be further increased. 
In the semiconductor industry, the ongoing change to 157 nm 
lithographic technology and smaller die size means that, to stay 
competitive, semiconductor manufacturers will have to purchase UV 
lasers with shorter wavelengths. This impacts primarily not only 
the sale of excimer lasers and UV optics, but also stimulates the 
development of new efficient and stable solid-state UV lasers 
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worldwide to replace traditional gas lasers, which require very 
high power consumption and space but deliver beams of low qual- 
ity. 

The introduction of the first continuous -wave high-power ultra- 
violet laser at 266 nm in 1998 (see E. Zanger, R. Miiller, B. Liu, 
M. Kotteritzsch, W. Gries, "Diode-pumped cw all solid-state laser 
at 266 nm" , OSA Trends in Optics and Photonics, Vol. 26, pp. 104- 
111 1999) and the continued engineering of this laser have re- 
newed or even triggered numerous applications in industrial 
fields. Good examples are DVD disc-mastering, wafer and mask in- 
spection, fiber Bragg grating writing, circuit board inspection, 
confocal microscopy, 3D-prototyping, photolithography, capillary 
electrophoresis, micromachining, interf erometric testing of optic 
production as well as holography, resonance Raman spectroscopy, 
laser trapping and cooling and isotope separation. Deep UV lasers 
of high power stability, low noise, excellent beam profile and 
long lifetime are the prerequisites for all industrial applica- 
tions mentioned above. Furthermore, a compact laser with plug- in 
and hands -off operation is desirable in all applications above 
because all systems themselves may then be made more compact as 
well as plug & play. The diode-pumped all solid-state laser tech- 
nology has made this possible. 

Because of very limited wavelengths of useful laser crystals it 
is not possible to build up solid-state lasers in all desirable 
wavelength ranges. One of the most efficient ways is to use fre- 
quency conversion crystals to generate further desirable wave- 
lengths, including the deep UV spectral range. Therefore, nonlin- 
ear process based frequency conversion crystals have become one 
of the key optical components in building up the desired laser 
systems . 



Certain previous inventions are associated with concepts in de- 
signing key optical layouts e.g. doubling cavity, see DE 198 14 
199, and in avoiding some physical effects having bad impact on 
the performance of the laser systems, e.g. photorefractive ef- 
fect, see DE 198 15 362. All these inventions have laid the foun- 
dation for the first continuous -wave high-power ultraviolet laser 
at 266 nm. 

It could have been also noticed that the degradation of some op- 
tics and crystals in the ultraviolet, especially in the deep ul- 
traviolet regions deteriorates the performance and limit the 
lifetime of the designed laser systems. Such degradation phenom- 

kjlj ena are still quite popular in laser systems for the generation 

%\ of high-power deep UV laser radiation. 

at 

m 

ill Therefore, a laser capable of the elimination of degradation 

m 

- problems of optics and crystals would be desirable. Such a laser 

O would have excellent output stability, low noise and long life- 

\\ time, and would be simpler and cheaper to maintain in the indus- 

CO trial fields. 

SUMMARY OF THE INVENTION 

To achieve the foregoing, and in accordance with the purpose of 
the present invention, one investigation of degradation problems 
of frequency converting crystals is disclosed, which have been 
carried out in two laser systems. 

One laser system is the diode-pumped continuous wave (cw) laser 
at 2 66 nm, accomplished by frequency doubling the 532 nm output 
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of a diode-pumped Neodymium- doped YAG laser with an actively sta- 
bilized unidirectional ring cavity, where a minimum number of op- 
tical components -- two mirrors and one prism are used and a 

Brewster-cut Beta-Borium Borate (P-BaB 2 0 4 or BBO) crystal is used 
as the frequency doubling crystal. 

Another laser system consists of a mode-locked diode-pumped Neo- 
dymium-doped Vanadate laser. The output from this oscillator is 
then amplified in a diode-pumped Vanadate amplifier. The output 
is then converted to the third harmonic in two frequency conver- 
sion crystals, each of which is contained in an oven. Both fre- 
quency conversion crystals used are Lithium Triborate (LiB 3 0 5 or 

J LBO) . 

SI 

m 
\!i 

^| Up to now one frequency conversion crystal with the appropriate 

^ phase-matching cut can be used in both beam path directions as 

\$ 

h soon as no different coating is attached to the entrance surface 

:** 

and exit surface of said frequency conversion crystal, e.g. Brew- 
ster-cut ones. Also no one pays attention to the beam path direc- 
tion of the to-be-coated frequency conversion crystal before the 
U coating processes, because there is no difference for the fre- 

quency conversion process in both beam path directions. 

However, we have found out that the degradation of said frequency 
conversion crystals is decreased a lot in one of two possible 
beam path directions of said frequency conversion crystals. 

Although this observation is against the conventional knowledge 
that the frequency conversion process is independent of the 
propagation direction of said frequency conversion crystal used 
as stated above, the invention can be verified in several laser 
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systems and in many experiments. All said frequency conversion 
crystals will be checked to find out the right beam path direc- 
tion and then marked before they are mounted in the laser sys- 
tems . 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with further advantages thereof, may best 
be understood by reference to the following description taken in 
conjunction with the accompanying drawings in which: 

FIG. 1 is a block diagram of a single longitudinal mode fre- 
quency-converted solid-state laser according to a first embodi- 
ment of the present invention, where the right beam path direc- 
tion of the frequency conversion crystal is clearly marked, 

FIG. 2 is a block diagram of a multi longitudinal mode frequency- 
converted solid-state laser according to an embodiment of the 
present invention, where the right beam path direction of the 
frequency- converting crystal is also clearly marked. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a frequency- converted laser appa- 
ratus with beam path direction marked frequency conversion crys- 
tals, leading to excellent output power stability, low noise and 
long lifetime. 
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While the present invention is susceptible of embodiments in many 
forms, two exemplary embodiments are schematically shown in FIGS. 
1 and 2 . The disclosure herein is to be considered as illustra- 
tive of the principles of the invention and is not intended to 
limit the invention to the exemplary embodiments illustrated in 
the drawings and in the detailed description below. 



One embodiment of the present invention is shown in FIG. 1, in 
which a diode-pumped continuous wave (cw) all solid-state laser 
at 266 nm is disclosed. This embodiment includes an optical pump- 
ing source 1 for producing optical pumping radiation 2, coupling 
optics 3, an actively stabilized unidirectional ring cavity 4, in 
which a Brewster-cut frequency conversion crystal 5 is used only 
S\ in the marked (to-be-used) direction, which has been determined 

previously. The symmetrical Brewster-angled beam path through a 
It! prism 6 inside the cavity 4 guarantees minimum losses and hence 

[|* maximum power enhancement and efficiency. The cavity length con- 

« trol is done by moving the prism 6 along its symmetry axis using 

^ a piezoelectric element. The beam path in the cavity 4 remains 

N not only completely unaffected during this movement but also un- 

j£| affected in the first order by small tilts of the prism 6 due to 

¥^ possible imperfection of the piezoelectric element. 



By using Brewster-cut BBO crystals the high-power cw UV laser can 
deliver 266 nm radiation with an output power of 1.4 Watt at a 
green pumping power of 5 W. When the BBO crystal is used in the 
right beam path direction, the lifetime of the BBO crystal is 
long and the output power stability is very good. When the BBO 
crystal is used in the reversed false direction, an counter- 
propagating radiation of the fundamental wave inside the cavity 4 
is found, so that the pumping radiation in the desired direction 
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is depleted and the output power at 266 nm is decreased con- 
stantly until to a very low level. 

Another embodiment of the present invention is shown in FIG. 2. 
The output 8 from an oscillator 7 consists of a train of pulses 
at a repetition rate of 80 MegaHertz (MHz) and duration of 12 pi- 
coseconds (ps) . The average power output from the oscillator 7 is 
5 Watt, which is increased to 19 Watt in an single stage ampli- 
fier 10 after routing mirrors 9. The fundamental wavelength of 
the laser is 1064 nm. A Type I LBO crystal 11 is used in the 
right beam path direction to frequency double the fundamental 13 
to the second harmonic 14 at a wavelength of 532 nm with approxi- 
mately 50% efficiency. The rest fundamental 13 and second har- 
monic 14 are then incident on a Type II LBO crystal 12 in the 
right beam path direction and produce 4 Watt of output 15 at the 
third harmonic wavelength of 355 nm. When the LBO crystals 11, 12 
are used in the reversed false direction, the output power at 355 
nm is decreased too and the degradation of the LBO crystals 11, 
12 takes place much quicker. 
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